Derivation of Spin Torques of the Magnetic System in Broken Inversion
  Symmetry by Kwon, H. Y. et al.
 New approach to spin dynamics in broken inversion symmetry  
 
H. Y. Kwon, S. P. Kang, and C. Won 
Department of Physics, Kyung Hee University, Seoul 02447, Korea 
 
The equation describing spin dynamics has been modified since considering the 
effects of broken inversion symmetry, such as spin current and surface polarization, 
among others. Those effects, which are not expressed by the effective field, make 
spin dynamics complicated and difficult to understand. We investigated a new 
approach to model the spin dynamics in a system of broken inversion symmetry by 
introducing an asymmetric and directional spin-spin interaction and deriving the 
effective fields from them. We unified those effects into the original simple form of 
the Landau-Lifshitz equation using the effective fields. We believe that our model 
offers a new and more general approach towards understanding spin dynamics, one 
that effectively merges the Dzyaloshinskii-Moriya interaction, spin transfer torques 
and the Rashba effect into the Landau-Lifshitz equation. We discussed how our 
model is applied to spin dynamics and compared our approach with the traditional 
discussions on spin dynamics.   
 
PACS numbers: 67.30.hj, 75.78.−n, 75.78.Cd  
I. INTRODUCTION 
In recent years, the magnetic properties and dynamics of the system of broken inversion symmetry have 
become one of the more intensely investigated topics in magnetism studies. When the magnetic moments 
are located in the environment of broken inversion symmetry, or when the directional preference is 
applied on the system, the energy and the torque on the magnetic moments include various additional 
terms such as the Dzyaloshinskii Moriya interaction (DMI), spin transfer torque (STT), Rashba torque, 
spin hall (SH) effect, and other terms.1-9 In this paper, we will discuss the general approach of working 
with the broken symmetry of spin-spin interactions by introducing asymmetric and directional interaction 
into the spin dynamics equation. We discuss how the above consideration affects the spin dynamics of 
the system and compare how our model fits into other traditional approaches.  
II. THEORY 
When inversion symmetry exists in the system, the interaction constants J do not have directional 
preferences. When the Hamiltonian is written as 
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interaction energy, and m  is the strength of the magnetic moment. If a spin is in an environment with 
broken inversion symmetry, the DMI interaction is involved, adding the energy term 
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Additionally, we propose that one should consider the asymmetric or directional preference of the spin-
spin interaction, which means a spin may interact more on one side than the other side, as presented in 
Fig. 1. For example, assuming there is a spin current flowing in one direction,1-6 the interaction strengths 
will have a specific directional preference, and the interactions from left to right and from right to left 
may no longer be identical. Another example would be spins on the edge of the system, which do not 
have neighboring spins in the same direction. The magnetoelastic effects, which are related to the lattice 
vibration, are another example of directional difference of an exchange interaction.12 As represented in 
Fig. 1(a), we considered that the exchange constants J differ by J , which can be positive or negative 
according to the broken symmetry characteristics.  
The effective field caused by the exchange interaction with x-directional broken symmetry is given by    
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where a  is the unit length of the system, and the additional effective field term 
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leading additional effective field for the asymmetric interaction. When the magnitude of spin is constant, 
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. Therefore, the direction of the additional effective field is 
perpendicular to the spin direction, and the spin cannot be at rest unless the strength of δJΗ

  is zero 
( 0J  or S

 is uniform). Thus, this effective field should result in a dynamic feature of spins, such as 
the DW (Domain Wall) motion or spin wave propagation.  
 This additional effective field will attribute two additional terms in the LL equation. One term is related 
to a precession-like effect (spin rotation perpendicular to both the effective field and the spin direction) 
and another term is related to a damping effect (spin rotation within the plane of the effective field and 
spin direction). For general applications, we introduce another dimensionless parameter Jr , allowing 
for the difference between the effects on precession and the damping motion generated by δJΗ

 . The 
parameter for gyration, J , can be set as   without losing generality because J  can be scaled as 
'JJ J  . The LL equation, including the additional effective field due to J , becomes 
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The third and fourth terms are reduced to  
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In Eq. (4), we used the properties that JH

 is perpendicular to S

, because S

 varies while keeping 
its magnitude and SS

 .  
In a later discussion, we will show that Eqs. (3) and (4) are related to STT, which causes domain wall 
motion induced by the spin current. The exchange interaction is related by 
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, and the later terms involving spin ladder operators related to spin 
transfer from j to i, or from i to j; causing a directional spin flow if there is asymmetry in the exchange 
interaction. In the case of spin current, it follows that the asymmetry in the exchange interaction, J , 
is proportional to the current density and the strength of spin polarization in the current due to breaking 
of the inversion symmetry.  
 In Eq. (2), we included the additional effective field due to J . Naturally, we can consider the 
asymmetric interaction terms in the DM interaction as shown in Fig. 1(b). The effective field due to DM 
interaction is  
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where D

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spin to be not stationary, but dynamic. The effective field gives additional terms in the LL equation. We 
also introduce another dimensionless parameter, Dr , for the additional effective field. 
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If no specific situation is considered, D

  can have any three-dimensional direction, and the effective 
field from it can produce the spin dynamics behavior as the Rashba effect does in the system with the 
proper choice of D

 .  
 The Rashba Hamiltonian is )( pHR
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  , where   is the Rashba coupling, p

 is the momentum 
and 

 is the Pauli matrix vector.5 It has an exactly same structure with the additional Hamiltonian 
caused by D

  in Eq. (5). Besides, D
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  is proportional to p
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D
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The LL equation, including all the effective fields, is 
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Equation (8) is transformed into a form of the Landau-Lifshitz-Gilbert (LLG) equation by the 
normalized magnetization vector m

, where m

SM
M

 , which is commonly used to study spin dynamics 
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 The relations among the parameters in Eq. (8) and Eq. (9) are 
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 with the conventional rules )1('
2   and   , which are commonly used in spin dynamics 
studies.   can be either J or D

 , depending on where   is applied in Eq. (9).  
In Eq. (9), the first two terms are the precession and damping terms in the original LLG equation; the 
next two terms are interpreted as effective terms of STT, and the last two terms can be related with the 
spin dynamics from the Rashba effect.  
The third term in Eq. (9), 
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coefficient derived from our parameters, as shown in Eq. (9.a). This can be compared with the amplitude 
of the velocity vector u
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, commonly used in STT studies with spin polarized currents, given by 
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 , corresponds to the non-adiabatic STT. The dimensionless parameter J  corresponds 
to the non-adiabatic spin torque component   in the STT study.2 The origin and characterizing 
parameters of   have been studied intensively since it has an important role in transverse and vortex 
domain wall dynamics.2, 13-15 It is known that the   value is affected by various factors such as 
momentum transfer,16,17 spin flip scattering,18 and the magnetization gradient.14 The experimentally 
measured   has a wide range from 0  to 18 , with the possibility of being negative.13-15,19-20 
Figure 2 shows that  u , R H  and  vary with the parameters  r  , D   and J  . We use the material 
parameters of typical permalloy to plot Fig. 2. J r  and J   for a material can be obtained from the 
relation between u and v. J can be obtained from  u  through Eq. (9.a). J r  is obtained from the 
relation u
r
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caused by D  and have the same linear dependency of  r  with J  .  
In Eq. (9.c) and Fig. 2(c), one can see that   , which is the transition condition for the spin 
dynamics behavior in the viewpoint of using the parameter  r , because  r  changes from  to 
around  ~ . In the case of 1D current induced DW motion, it is well known that the DW motion 
types are critically changed from steady motion to a precession motion.2 During the process, the velocity 
of the DW motion is also critically changed, and the transition behavior is distinguishable depending 
whether   is larger than  or not.   is the transition condition for the dynamic behavior of 
current induced DW motion, understood by our model as the condition for infinite J r .  
In our model, the last four terms of Eq. (9) can be expressed as additional spin torque terms containing 
all effects generated by the directional preference of the exchange interaction  
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where   is J . The corresponding torques become the adiabatic and non-adiabatic STT terms if   is 
D

 , and they are related to the Rashba torque.  
In our discussion, we obtained those additional terms, not from the mechanism of causes, but from the 
symmetry discussion. We do not confine our model to a special case, like STT or Rashba effects, so it 
can be applied on various subjects by choosing a proper form of H

 . Though Eq. (9) and (9.a-c) results 
from traditional terms in the discussion of STT and Rashba effects subject to applying constant J  and
D 

 , there is no reason that J  and D 

  are restricted to be constants; they may be functions of external 
conditions breaking inversion symmetry in the system. For example, our model can be expanded to use 
for the magneto-elastic effect, which is generated by lattice vibrations through J  , with D 

  having 
the form of tie ~ . In a similar way, the approach using our model can be extended to more general 
causes of breaking inversion symmetry in systems such as an external electric field, surface polarization, 
a surficial or interfacial spin environment, spontaneous symmetry breaking, etc. Our model also includes 
the case when the coefficient of the adiabatic torque term is zero, and the coefficient of the non-adiabatic 
torque term is non-zero, with the conditions 1 r , 0, DJ  . For DW motion studies, this condition 
means that the directional preference of the exchange interaction can occur for any reason, with or 
without the spin-polarized current, and only the non-adiabatic torque term will be added to the LLG 
equation. The DW will show the complete non-adiabatic behavior, implying that the origin of the non-
adiabatic coefficient   is not entirely dependent on the spin-polarized current, but is also fundamentally 
due to the broken symmetry. 
III. SUMMARY 
We discussed the effect of broken inversion symmetry on spin dynamics. We extended the LLG equation 
with asymmetric and directional spin-spin interactions, including both the exchange interaction and the 
DMI, which results in additional torque terms related to the STT and Rashba effects. In developing this 
theory, we do not require an understanding of the physical origins of the parameters; we only consider 
the effects of the broken symmetry. Our model offers an insightful understanding of the spin dynamics 
generated by broken inversion symmetry.  
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FIGURE CAPTIONS 
 
FIG. 1. Schematic illustration of the asymmetric interaction between nearest neighbor spins: (a) 
exchange interaction and (b) DM interaction. 

 FIG. 2. Plots of the coefficient of adiabatic term (a) caused by J  , (b) caused by D  , and non-
adiabatic term (c) as a function of J  , D   and  r . Material parameters for permalloy 
( m10355.0
9a , A/m108
5s M , 02.0 ) are used. The inset in (c) shows the current driven 
DW velocity for the adiabatic DW motion with a small current density [  uv  / ] as a function of
J  and J r . 
